Abstract: This work describes the configurational and conformational analyses of 1,6,7-triacetoxy-8,13-epoxy-14-labden-11-one, a labdane diterpenoid isolated from Plectranthus ornatus. Its relative stereochemistry was previously proposed by comparison with 1 H and 13 C NMR data of forskolin (2); however, the configurations of C-8 and C-13 have not been confirmed. Correlations between 13 C NMR experimental data and HF/6-31G* calculated values of carbon chemical shifts were performed for configurational and conformational analyses. This procedure was formerly applied to the configurational analysis of 2. Among the seven different forskolin-type structures investigated, the 13 C NMR data of 2 correlated best with those with the same stereochemistry of 2 described in the literature. Thus, the same procedure was considered valid for configurational analysis of the labdane diterpenoid isolated from P. ornatus. The relative stereochemistry of this compound based on theoretical calculations was similar to the structure previously proposed, but the best results were obtained considering configurational inversion at C-13.
INTRODUCTION
Plectranthus ornatus Codd. (Lamiaceae) is popularly used in Brazil to treat digestive problems as a substitute of species P. barbatus [1] . Previous studies on the secondary metabolites of P. ornatus Codd. (syn.: Coleus comosus Hochst. Ex Gürke) reported the isolation of labdane and clerodane derivatives [2, 3] . A labdane diterpenoid structure belonging to the normal-labdane series according to NMR analyses was previously isolated from P. ornatus [2] . Structure 1 was proposed for this labdane diterpenoid considering the stereochemistry of forskolin (2) and related diterpenoids ( Fig. 1) [4] . The last compound was isolated from P. barbatus Andr. (syn.: Coleus barbatus and Coleus forskohlii Briq.), which shows a diversity of pharmacological properties related to the activation of adenyl cyclase, thus, modulating cAMP levels [5] . For example, the activation of adenyl cyclase can stimulate gastric secretions and the presence of 2 in P. barbatus may explain its use in the popular treatment of digestive disorders. Although the 1D ( 1 H and 13 C) and 2D ( 1 H-1 H COSY, 1 H-13 C HSQC, and 1 H- 13 C HMBC) NMR analyses of the labdane diterpenoid isolated from P. ornatus are in agreement for 1, the configurations of C-8 and C-13 have not been confirmed. The stereochemistry of the forskolin derivatives is normally deduced by NOESY experiment [6] [7] [8] [9] and the exciton chirality circular dichroism method [6] . The R configuration of C-13 in these forskolin-type skeletons was confirmed Fig. (1) . Chemical structure previously proposed to the labdane diterpenoid isolated from P. ornatus (1) based on the stereochemistry of forskolin (2) .
Therefore, the present work describes the configurational and conformational analyses of the labdane diterpenoid isolated from P. ornatus based on correlations between 13 C NMR data and calculated carbon chemical shift values. Geometry optimizations and carbon chemical shift calculations were performed using HF [10] and DFT [11] methods. This procedure has been efficiently employed in the structural determination of diterpenoids [12] and other organic compounds [13, 14] . Correlations between calculated and experimental chemical shifts from 13 C NMR data of 2 were considered a validation criterion of this procedure in the con-figurational determination of the labdane diterpenoid isolated from P. ornatus.
MATERIALS AND METHODOLOGY
Theoretical studies were carried out using software package GAUSSIAN03 [15] . Spatial arrangements determined by NMR data were used as initial models in geometry optimization calculations. HF and DFT geometry optimizations were performed using the geometries previously obtained by the PM3 semi-empirical method [16] . BLYP functional with standard Pople's split valence 6-31G* base set [17] [18] [19] [20] [21] was used in DFT calculations. The optimized geometries were characterized as true minima on the potential energy surface (PES) when all harmonic frequencies were real. The electronic-nuclear energies (E) were calculated by HF and DFT methods. HF/6-31G* and DFT/BLYP/6-31G* optimized geometries were used in carbon chemical shift calculations at the same levels of theory. Calculated carbon chemical shifts ( C ) were obtained in relation to the corresponding HF/6-31G* and DFT/BLYP/6-31G* calculated values for tetramethylsilane ( C 208.21 and 186.8, respectively).
Correlations between C values and experimental carbon chemical shifts ( C ) were obtained using software package Origin™ Standard 7.5; C and C values were plotted on the x and y axes, respectively. Correlation curves were given as linear fits with correlation coefficients (R 2 ) and standard deviations (SD) furnished by the program.
RESULTS AND DISCUSSION
Initially, HF/6-31G* and DFT/BLYP/6-31G* geometry optimizations for structures in the gaseous phase were carried out for 2 and its six configurational derivatives at C-7, C-8, and C-13 ( Fig. 2) . Structures 2(C7,C8,C13) and 2(C8,C13) have the highest and lowest energies, respectively ( Table 1 ). The energy difference between these structures ( E = 8.50 kcal/mol) is very small and all structures are thermodynamically probable. All structures present rings A and B in the chair conformation, ring conjunction as transform for A/B, and stabilized by a hydrogen bond between the hydrogen of the hydroxyl group at C-9 and the oxygen at C-1.
Structures 2, 2(C7), 2(C7,C13), and 2(C13) show ring C as a chair conformation with lower energy in relation to the boat conformation ( E = E (chair) -E (boat) < -1.0 kcal/mol). On the other hand, 2(C8), 2(C8,C13), and 2(C7,C8,C13) show ring C in a boat conformation and present a higher energy difference in relation to the one in chair conformation ( E = E (boat) -E (chair) -4.5 kcal/mol). As a result, the structures with configurational inversion of C-8 show ring C in a boat conformation, ring conjunction as cis-form for B/C, and C-17 is in the equatorial position on ring B. There is a hydrogen bond between the hydroxyl group at C-6 and the oxygen atoms of the acetate group at C-7 in 2, 2(C8), 2(C13), and 2(C8,C13). As 2(C8) and 2(C8,C13) show the highest en- ergy values in Table 1 , this hydrogen bond is not a significant interaction in their conformational analyses. Fig. 3 ). The plots of the carbonyl ( C 205.0; C-11) and alkenyl ( C 146.3 and 112.8, for C-14 and C-15, respectively) groups show higher deviations in relation to a linear fit curve. These deviations may be attributed to interactions between the solvent and -systems that were not considered in the theoretical calculations [22] . Fig. (3) . Correlations between 13 C NMR data of 2 and HF/6-31G* calculated carbon chemical shifts of 2 (structure in the gaseous phase).
Thus, the best correlations are verified between the experimental 13 C NMR data of 2 and HF/6-31G* calculated carbon chemical shifts of 2, which agree with the structure proposed in the literature. As a consequence, this procedure may also be considered valid to determine the configuration of the labdane diterpenoid isolated from P. ornatus. Similar theoretical investigations were performed for 1 and its six corresponding configurational derivatives, i. e. 1(C7), 1(C8),   1(C13), 1(C7,C13), 1(C8,C13), and 1(C7,C8,C13) , as shown in Fig. (2) .
HF/6-31G* geometry optimizations and carbon chemical shift calculations were performed for 1 and its configurational derivatives. The conformational analyses of these structures are similar to those of 2 and its derivatives. Ring A and B are in chair conformations in all structures. The energy difference between the chair and the boat conformations of ring A is high ( E = E (chair) -E (boat) -14.0 kcal/mol). Structures 1, 1(C7), 1(C13), and 1(C7,C13) present ring C in a chair conformation. For these structures, the energy difference between the chair and the boat conformations of ring C is small ( E = E (chair) -E (boat) < -1.0 kcal/mol). On the other hand, ring C of 1(C8), 1(C8,C13), and 1(C7,C8,C13) is in a boat conformation. The energy difference between the chair and the boat conformations of ring C of the latter is high ( E = E (boat) -E (chair) -22.0 kcal/mol). Table 2 shows HF/6-31G* calculated energies (E) of the optimized geometries of 1 and its configurational derivatives. 1(C8,C13) and 1(C8) show the lowest and the highest energies, respectively. The energy difference between these structures ( E = E 1(C8,C13) -E 1(C8) = -25.88 kcal/mol) is sufficiently high to favor mainly the formation of 1(C8,C13). However this structure shows cis-fusion for rings B/C with C-17 and C-14 on opposite sides of ring C plane ( -andpositions, respectively). This geometry does not allow the NOESY correlation to be observed between H-17 and H-14, which has been experimentally observed for the labdane diterpenoid isolated from P. ornatus.
Correlations between the experimental 13 C NMR data of the labdane diterpenoid isolated from P. ornatus and HF/6-31G* calculated carbon chemical shifts of 1 and its configurational derivatives were obtained for optimized geometries in the same level of theory ( Table 2) . Correlations for 1(C13) show the highest R 2 (0.9993) and the lowest SD (2.09) values (as shown in Fig. 4) . The stereochemistry of 1(C13) shows C-13 in the S configuration and agrees with the NOESY correlation between the signal of H-16 only with the signal of H-14 observed for the labdane diterpenoid isolated from P. ornatus [2] .
Moreover, this compound also shows a correlation between the signals of H-12 and H-17 in the NOESY contour map. The boat conformation of ring C was previously pro- posed to justify this NOESY correlation for the forskolintype skeleton [9] . However, the crystal structure of forskolin derivatives indicates that ring C [9] is in the chair conformation. In the case of 1(C13), the calculated distances between H-17 and H-12 are 1.759 and 3.415 Å for the boat and chair conformations, respectively. Therefore, both conformations of ring C of 1(C13) allow NOESY correlations involving H-17 and H-12 . In addition, these conformations of ring C may equally exist for 1(C13) in solution, considering the low calculated energy difference ( E = E (chair) -E (boat) < -1.0 kcal/mol). Thus, the correct relative stereochemistry of the labdane diterpenoid isolated from P. ornatus is 1(C-13), as shown in Fig. (2) . Fig. (4) . Correlations between 13 C NMR data of the labdane diterpenoid isolated from P. ornatus and HF/6-31G* calculated carbon chemical shifts of 1(C13) (structure in the gaseous phase).
The DFT/BLYP/6-31G* method was also employed in geometry optimizations and calculations of carbon chemical shifts. The energy and chemical shift values calculated by the DFT/BLYP/6-31G* method agree with the HF/6-31G* calculated values. These values are shown as supplementary material.
CONCLUSION
Theoretical investigations on the chemical properties of organic compounds have grown quickly in the last years.
However, relatively few works have employed theoretical calculations of NMR data to investigate configurational analysis of organic compounds. Initially, correlations between 13 C NMR data of forskolin and calculated carbon chemical shifts of forskolin (2) and six different forskolintype structures were performed. The best correlations were verified between 13 C NMR data of 2 and HF/6-31G* calculated carbon chemical shifts of 2. Thus, this procedure was considered valid to determine the relative configuration of the labdane diterpenoid isolated from P. ornatus.
Among the different structures investigated, the 13 C NMR data of the labdane diterpenoid isolated from P. ornatus showed the best correlation with 1(C13). The stereochemistry of this structure is an epimer of the structure previously proposed (1). In contrast, 1(C13) shows configurational inversion at C-13 (S configuration) in relation to 1 (with R configuration of C-13). Thus, carbon chemical shift calculations may be an efficient alternative for the configurational and conformational analyses of organic compounds, mainly when experimental data are insufficient or do not exist. 
